is also indicated. The membrane is seen clearly in (c) and is situated between 205 and 245 Å radii.
properties (Helenius and Kartenbeck, 1980). Although
Location of the Glycosylation Sites Although the SINV cryoEM reconstructions shown here the choice of delineating any one of the 60 icosahedral asymmetric units is arbitrary, the boundaries shown in contain structural information about all parts of the virion, our analysis and discussion focus on the structure Figure 1 are used here.
We have used site-specific mutagenesis to alter the of the glycoprotein spikes. Difference maps (Figures 2 and 3) between the native SINV minus any one of the four potential glycosylation sites, either individually or in groups of two or more. We report here preliminary four single SINV mutant structures showed, in each case, four (A, B, C, and D) well-defined peaks consistent characterizations of some of these mutants and the three-dimensional localization of the carbohydrate moiwith T ϭ 4 quasi-symmetry within the icosahedral asymmetric unit. These peaks are at least 2.3 times higher eties on the virus using cryoEM image difference maps. Knowledge of their positions now shows that the E1 than any other peak in the difference map (Table 2) , and they were also well resolved with a roughly spherical glycoprotein of alphaviruses lies approximately parallel to the viral surface, whereas the E2 glycoprotein forms profile of about 14 Å radius. A difference map between the wild-type SINV and the (E1-139/E2-318) double muthe protruding spikes. Thus, E1 forms an icosahedral scaffold that organizes the T ϭ 4 architecture of the mature particle. Comparison of alphaviruses with the distantly related flaviviruses suggests that the E1 of tant structures showed eight peaks in each asymmetric 5-fold axis, whereas the other two sites around the q3 spike are near an icosahedral 2-fold axis, which is also a unit, consistent with the peaks found in the corresponding single mutant difference maps. The peak-to-noise quasi-6-fold axis (Figures 3b and 3c) . Thus, the four sites (A, B, C, and D) have rather different environments ratio (Table 2) The structures of the i3 and q3 spikes were compared of being near the base and within 4 Å from the 3-fold axis of the spike (Figures 3b and 3c) . The deviations by minimizing the sum of the squared distances between equivalent sites (Supplemental Table S1 , see below).
should be compared with the experimental error of locating the carbohydrate sites in the difference maps, This required the prior identification, for each mutant virus, as to which of the four quasi-equivalent carbohywhich had an rms error of 1.7 Å determined by superposing the independently located i3 sites onto themselves drate sites belonged to which spike. The identification was straightforward for the E1-245, E2-196, and E2-318 after rotation of 120Њ (Table S1 ). The q3 axes were found to be almost radial in contrast to the orientation of quasisites as each of these were associated with the cryoEM density of a specific spike. However, the E1-139 sites symmetry axes in other viruses (Rossmann et al., 1983). RRV and SINV glycoproteins have about 47% amino were more difficult to assign because they occurred at a relatively large distance ‫07ف(‬ Å ) from the center of acid identity to each other. However, RRV has only three potential glycosylation sites per E1-E2 heterodimer, any spike. Calculations showed two reasonable assignments (Table S1) carbohydrate peaks were situated in pairs, close to the same as for each of the four quasi-equivalent E1 monomers. The mean distance between these sites is 33.6 Å , quasi-2-fold axes relating the i3 to the q3 spikes and relating the 5-fold-rotated neighboring q3 spikes with an rms deviation of 7.6 Å for the assignment of E1-139 sites as shown in Figure 3b and 31.5 Å and 3.9 Å , (Figure 3f ). The carbohydrate moieties at E2-262 possibly provide stabilizing interactions between neighboring respectively, for the assignment as shown in Figure 3c . This, therefore, establishes that the assignment of spikes in RRV, a function absent in SINV. As in SINV, the carbohydrate sites more distant from the center of E1-139 carbohydrate sites as shown in Figure 3c is most likely the correct choice. the spike and, hence, closer to other icosahedral axes, have greater variation from T ϭ 4 symmetry.
Superposition of the carbohydrate difference density onto the corresponding wild-type virus density showed The RRV glycosylation site at E1-141 is two residues away from the corresponding site at E1-139 in SINV that, in every case, the carbohydrate falls well outside the density of the protein (Figure 3f) . Indeed, the center (sequence alignment of SINV and RRV E1 shows no insertion or deletions), but has much smaller deviations of the carbohydrate difference density is about 20 Å on average from the nearest significant protein density. The from T ϭ 4 symmetry. RRV carbohydrate associated with residue E2-200, four residues from the SINV E2-carbohydrate sites associated with E1-139 in SINV and E1-141 in RRV are about 30 Å apart, which appears large 196 site (there are no insertions or deletions between SINV and RRV E2 prior to residue 200), is located on for two residues that are separated by only two amino acids in the sequence. However, these sites are on opthe extremity of the spike like E2-196, deviating about 8.6 Å from T ϭ 4 symmetry ( Table S1 ). The distal locaposite sides of an intervening positive protein electron density in the wild-type cryoEM map of SINV. Considertions of these residues from the viral center might be the cause of disorder in alphavirus crystals (Harrison, ing the observed 20 Å gap between carbohydrate and protein, it must be concluded that the observed center 1992).
The distance between the carbohydrate binding sites of gravity of the carbohydrate sites are at least 10 Å removed from the N ␦ atom of the glycosylated Asn. at E1-139 in SINV and E1-141 in RRV should be the , which explains the presence of the E2-318 carbohydrate of the viral proteins and only the correctly folded proteins can be incorporated into infectious virions. Further site being only about 24 Å above and 47 amino acids away from the lipid bilayer. Indeed, the cryoEM map of analysis is required to determine whether there was a decrease in the total number of particles released or an SINV shows a strong density feature running from E2-318 to the surface of the membrane. Therefore, this increase in the particle-to-pfu ratio, which would indicate that less infectious virus was being released.
region and the transmembrane domain may be the only sites of association between the E1 and E2 polypeptides that determine the assembly of the heterodimer.
The E1 and E2 Glycoproteins Form an External Scaffold
If it is assumed that most of the ectodomain of E1 is roughly cylindrical, at least 80 Å long and of average Given the position of the four SINV and three RRV glycosylation sites (Table 3; Figure 4) , it is clear that E1 adopts density, then the radius of the cylinder would be about 14 Å . These cylinders will lie roughly tangential to the an extended conformation and lies horizontally over the virus surface between the E1-245 and E1-139 sites, exterior of the viral membrane, touching the carbohydrate moieties at E1-245 on one side of the cylinder to spanning a distance of about 70 Å , and that E2 is oriented in a radial direction between E2-318 and E2-196. avoid crowding three E1 molecules on top of each other 
1996). al., 1995). TBEV is a member of the family of flaviviruses
The structure presented here gives some insight into previously thought to be structurally similar to alphavithe fusion process. Assuming the rough sequence alignruses (Murphy, 1980). Flaviviruses possess only one glyment of SINV E1 to TBEV E suggested above, the fusion coprotein (E), but, instead of a second glycoprotein, they polypeptide would be immediately adjacent to the E2-have a small, 8 kDa membrane protein (M). Attempts to 318 carbohydrate site. The E2 amino acid sequence align the amino acid sequences of SINV E1 with TBEV immediately upstream to E2-318 contains the Trp-Ile-E were not very convincing, but did suggest that 32
Val region conserved in alphavirus, suggesting a hyadditional amino acids in TBEV E were an insertion bedrophobic interaction of the fusion peptide with E2. Lowtween the end of the extracellular region and the ering the pH will alter the ionic interaction of E1 with its transmembrane domain. Thus, if there were a structural environment and may, therefore, enhance the possibility similarity between the alphavirus E1 and TBEV E glycoof conformational changes that had been stabilized by proteins, then the analogous portions would correspond the hydrophobic interaction of the fusion peptide with to the part of TBEV E whose crystal structure has been E2. The presence of both dimeric and trimeric interfaces determined.
between E1 monomers in SINV virions, as demonstrated Rey et al. (1995) suggested that one of two possible in this study (Figure 5 ), would make the transition from dimers of TBEV E found in their crystal structure was strong dimer to strong trimer interaction feasible. Furbiologically relevant. However, the above amino acid thermore, diminished interaction of E2 with E1 on lowsequence alignment would place residue E1-245 in the ering pH would possibly allow E2 monomers within a very center of the dimer. As the E1-245 site is located spike to move away from the i3 and q3 axes to permit very close to the i3 and q3 axes (Figures 3b and 3c) , an the trimerization of E1 and the presentation of the fusion impossible steric overlap of three different dimers would peptide to the opposing cellular membrane. Because be created. However, if the other possible crystallothe organization of E1 and E2 in the SINV surface lattice graphic TBEV E dimer was chosen, then E1-245 would as determined here has a remarkable similarity to the lie at the periphery of the dimer in a position suitable to organization of E and M in a flavivirus, respectively (Ferform E1 trimers around the i3 and q3 positions. 
